Neuropeptides are important mediators both within the nervous system and between neurons and other cell types. Neuropeptides such as substance P, calcitonin gene-related peptide and neuropeptide Y (NPY), vasoactive intestinal polypeptide, somatostatin and corticotropin-releasing factor are also likely to play a role in the bidirectional gut-brain communication. In this capacity they may influence the activity of the gastrointestinal microbiota and its interaction with the gutbrain axis. Current efforts in elucidating the implication of neuropeptides in the microbiota-gutbrain axis address 4 information carriers from the gut to the brain (vagal and spinal afferent neurons; immune mediators such as cytokines; gut hormones; gut microbiota-derived signalling molecules) and 4 information carriers from the central nervous system to the gut (sympathetic efferent neurons; parasympathetic efferent neurons; neuroendocrine factors involving the adrenal medulla; neuroendocrine factors involving the adrenal cortex). Apart from operating as neurotransmitters, many biologically active peptides also function as gut hormones. Given that neuropeptides and gut hormones target the same cell membrane receptors (typically G proteincoupled receptors), the two messenger roles often converge in the same or similar biological implications. This is exemplified by NPY and peptide YY (PYY), two members of the PP-fold peptide family. While PYY is almost exclusively expressed by enteroendocrine cells, NPY is found at all levels of the gut-brain and brain-gut axis. The function of PYY-releasing enteroendocrine cells is directly influenced by short chain fatty acids generated by the intestinal microbiota from indigestible fibre, while NPY may control the impact of the gut microbiota on inflammatory processes, pain, brain function and behaviour. Although the impact of neuropeptides on the interaction between the gut microbiota and brain awaits to be analysed, biologically active peptides are likely to emerge as neural and endocrine messengers in orchestrating the microbiotagut-brain axis in health and disease.
Neuropeptides at the forefront of the brain-gut axis
Biologically active peptides have been instrumental in the formulation of the concept that brain and gut have much in common. When in the 1960s and 1970s several peptides were discovered to occur both in the brain and gastrointestinal tract, the term "gut-brain axis" was first coined, based on the prevailing concept that the brain would be essential for controlling gut function. The way to this concept was pathed by the so-called APUD (amine precursor uptake and decarboxylation) hypothesis which, owing to common histochemical characteristics, held that amine-and peptide-producing cells of the nervous system, the gut and other organs derive from a common origin in the neural crest [1, 2] . While certain cells of the thyroid, adrenal medulla, carotid bodies and autonomic as well as enteric ganglia originate in fact from the neural crest, the peptide-secreting endocrine cells of the gut do not [2] . Although the APUD hypothesis has not stood the test of time, it was an important contribution to the current understanding of the coordinating function of neuropeptides in many organ systems. We now know that a vast number of neuropeptides is produced by central and peripheral neurons alongside with endocrine cells in the gastrointestinal tract and other endocrinologically active organs [2] [3] [4] . Biologically active peptides, particularly neuropeptides, play many diverse roles in the bidirectional data highway between the gut and brain and offer unforeseen opportunities for drug development. At the same time, the multiplicity of messengers (including neuropeptides) also represents a challenge in understanding the complex interactions between gut and brain. Although their precise role in the microbiota-gut-brain axis has not yet been defined, neuropeptides such as substance P, calcitonin gene-related peptide, neuropeptide Y (NPY), vasoactive intestinal polypeptide, somatostatin and corticotropin-releasing factor (CRF) are candidates to play an important role in this respect.
The gut-brain axis involves microbial, immune, endocrine and neural signalling pathways: neuropeptides may be involved in each pathway
The term "gut-brain axis" refers to the bidirectional communication between the gut and the brain ( Figure 1 ). Apart from the autonomic regulation of digestion by the central, parasympathetic, sympathetic and enteric nervous systems as well as by neuroendocrine factors (derived from the adrenal medulla and cortex), there is ongoing communication from the gut to the brain in health and disease [5, 6] . Thus, visceral information is continuously fed into subcortical regions of the brain including the limbic system and the autonomic and neuroendocrine centres [5] . This information is integrated with other interoceptive information from the body and with contextual information from the environment [5] . Under pathological conditions, the interoceptive input from the periphery may reach the level of consciousness and give rise to the sensation of nausea, discomfort and/or pain [6] . In addition, the brain's output to the gut via autonomic and neuroendocrine pathways may result in gastrointestinal dysfunction. The afferent part of this gut-brain-gut axis has recently been in the focus of investigation in order to understand why gastrointestinal disease such inflammatory bowel disease and irritable bowel syndrome is associated with pain and a number of psychiatric disturbances including anxiety, neuroticism and depression.
• The gut needs to maintain homeostasis with the extensive community of microbes in the intestine, which are important in supporting nutrition, educating the immune system and communicating with other organ systems including the brain.
Each of the communication pathways between the gastrointestinal and central nervous system may involve neuropeptides and structurally related signalling molecules. Ever since their gradual discovery, biologically active peptides have been intimately related to the regulation of digestion and to the communication with the central nervous system. Regulation of food intake (appetite), metabolic homeostasis and pain have been areas that were addressed in particular detail. Neuropeptides comprise a class of evolutionarily well conserved molecules that, by definition, operate as transmitters in the enteric, peripheral and central nervous systems and share transduction mechanisms with other biologically active peptides such as gut hormones. Apart from their origin, it is frequently difficult to distinguish between their function as neuropeptides or gut hormones because they operate often via the same receptors and cellular transduction systems. Thus, neurons as well as endocrine, immune, interstitial, muscle, epithelial and microbial cells can respond to these signalling molecules by expressing the appropriate peptide receptors. The microbiota residing in the mucosa [9] is in immediate vicinity to the endocrine cells of the gastrointestal mucosa which produce more than 20 different gut hormones [10] . Apart from immune mediators, gut hormones may thus play an important role as communicators between the gut microbiota and host functions. Gut hormone signalling to the brain not only occurs by an endocrine route but may also involve activation of primary afferent neurons, especially in the vagus nerve (e.g., cholecystokinin and ghrelin). Furthermore, it is important to realize that the 4 communication pathways between the gut and the brain do not operate in isolation but are closely interrelated with each other. cells in their immediate neighbourhood but also generate and release molecules that can signal to distant organs. This is true for molecules designated as pathogen-associated molecular patterns or, in a more benevolent vein, microbe-associated molecular patterns (MAMPs) as well as for many other microbial metabolites. There are experimental data to show that a significant part of the metabolites circulating in mammalian blood are derived from the intestinal microbial community [11] [12] [13] [14] [15] . Importantly, the presence or absence of the gut microbiota also influences the profile of metabolites (including peptides) present in the brain [16] .
While the potential effects of the microbial metabolites on the host are still little understood, it is obvious that they could convey messages around the whole body. Some information in this respect can be derived from the actions of two MAMPs, lipopolysaccharide (LPS) and peptidoglycan components such as meso-diaminopimelic acid. These MAMPs are recognized by pattern recognition receptors of the innate immune system: LPS activates tolllike receptor 4 (TLR4) while the peptidoglycan structures stimulate nucleotide-binding oligomerization domain-containing protein-1 (Nod1) and/or Nod2. Importantly, translocation of peptidoglycan from the gut to the blood impacts on neutrophils in the bone marrow and primes their capacity to defend the body against bacterial infection via stimulating Nod1 [17] .
In a similar manner, LPS translocated from the gut through a leaky mucosal barrier carries a microbial message to distant organs including the brain. The behavioural responses to systemic exposure of excess LPS are well characterized in animals and humans and comprise acute sickness [18, 19] and delayed depression-like behaviour [20] [21] [22] [23] [24] . LPS originating from the gut microbiota may give rise to alterations in brain function via 3 different pathways. Following translocation across the intestinal mucosa it may, on the one hand, stimulate the intestinal immune system to produce cytokines which (i) can signal directly to the brain or (ii) sensitize/stimulate vagal and spinal afferent neurons [18, 19, 25, 26] . On the other hand, (iii) the circulation may carry LPS itself to the central nervous system where it may modify brain function.
The latter possibility need be envisaged because -apart from the innate immune systemthere is a widespread expression of TLR4 and other TLRs at several levels of the gut-brain axis. Thus, TLRs are present on gastrointestinal epithelial cells [27, 28] , neurons of the enteric nervous system [29, 30] , primary afferent neurons [29] and various cell types (neurons, microglial cells and astrocytes) in the brain [31] [32] [33] . By stimulating TLR4 and TLRs in the brain, LPS and other bacterial factors can stimulate the generation and release of proinflammatory cytokines and in this way give rise to neuroinflammatory processes. These effects are not only relevant to neurodegeneration and repair [31] [32] [33] but may also be involved in the manifestation of psychiatric disorders. Specifically, increased levels of IgA and IgM against LPS of commensal gut bacteria are found in the circulation of patients with depression or chronic fatigue syndrome, and the hypothesis has been put forward that increased translocation of LPS across a leaky gut may be a factor that contributes to these pathologies [34, 35] . Taken all findings together, it would appear, therefore, that the physiological roles of the symbiotic gut microbiota relate not only to the regulation of digestion at the gastrointestinal level but also extend to systemic immunity and brain function.
Neuroactive factors released by the gut microbiota
There is increasing evidence that the gut microbiota sheds not only ligands for pattern recognition receptors, but also release factors that target specific neuronal systems involved in the gut-brain axis. Although it remains to be established whether the microbiota can produce neuropeptide-like compounds, they are capable of generating a number of neurotransmitters and neuromodulators [7, 14] . Members of the genera Candida, Streptococcus, Escherichia and Enterococcus synthesize 5-hydroxytryptamine (5-HT), members of the genera Escherichia, Bacillus and Saccharomyces generate dopamine and/or noradrenaline, members of the genus Lactobacillus produce acetylcholine, and members of the genera Lactobacillus and Bifidobacterium manufacture gamma-aminobutyric acid (GABA) [7, 14, [36] [37] [38] [39] . The release of microbiota-derived dopamine into the lumen of the intestine has been suggested to play a proabsorptive role in the colon [38] . Signalling via opioid and cannabinoid receptors may also be modified by the gut microbiota, a conclusion based on the ability of certain probiotics to alter the expression of opioid and cannabinoid receptors in the gut [7] .
Moreover, the microbiota in the intestine is able to produce metabolites with benzodiazepine-like structures and effects [40] [41] [42] . Specifically, benzodiazepine receptor ligands originating from the gut microbiota have been proposed to contribute to the encephalopathy associated with fulminant hepatic failure [40] . Under these conditions, benzodiazepine-like molecules are likely to reach the brain at increased concentrations that will enhance neurotransmission via GABA A receptors and thus contribute to the disease process [40] . The pyrrolobenzodiazepines (e.g., anthramycin) synthesized by a number of gut microbes display not only benzodiazepine-like but also antibiotic and antineoplastic activities and may thus influence the biology of the microbiota and host alike in many respects. In addition, this circumstance indicates that the gut microbiota is a rich source of yet-to-be-identified compounds with therapeutic potential.
Apart from producing and releasing neuroactive factors, the microbiota modifies the levels of metabolites that are relevant to the synthesis of transmitters in the nervous system. For instance, the concentrations of tryptophan (the precursor of 5-HT), tyrosine (the precursor of dopamine and noradrenaline) and glutamine in the total brain of germ-free mice are lower than in mice that have been re-colonized by the gut microbiota [16] . In the hippocampus of germ-free mice, however, the concentrations of 5-HT and its main metabolite 5-hydroxyindoleacetic acid are higher than in conventionally colonized mice [43] . Colonization of the germ-free animals restores peripheral tryptophan levels to control values but fails to reverse the changes in hippocampal 5-HT levels [43] . The concentrations of tryptophan, 5-HT and tyrosine in the blood plasma are likewise increased in germ-free animals [11, 43] , the elevation of tryptophan being likely due to the absence of bacterial tryptophanase [11] . Another explanation could be that the gut microbiota re-directs the metabolism pathways of tryptophan which lead either to the production of 5-HT or kynurenine [7] .
Interaction of the gut microbiota with gut peptides
Due to their spatial vicinity with the gastrointestinal mucosa, the gut microbiota is in a prime position to interact with the epithelial cells and to modify their activity. Among these cells, enteroendocrine cells are poised to govern the activity of cells in and outside the digestive system and in this way also to convey messages from the microbial community in the gut. The enteroendocrine L cells in the distal ileum and colon represent a distinct example of this interactive relationship. These cells are stimulated by particular nutrients and digestive products, which leads to the release of PYY, glucagon-like peptide-1 (GLP-1) and GLP-2 [6, 44, 45] . L cells are also stimulated by short chain fatty acids (e.g., acetate, butyrate, propionate), which particular microbes generate by fermentation of otherwise indigestible carbohydrate fibres. Short chain fatty acids stimulate L cells via activating G proteincoupled receptors such as Gpr41 [6, 44, 45] . The important role of this microbiota-host interaction is underscored by the finding that colonization of the mouse colon with a fermentative human microbial community increases the plasma level of PYY, an effect that is blunted by knockout of Gpr41 [45] . Gpr41 deficiency is associated with a reduced expression of PYY, an increase in intestinal transit rate and an attenuation of energy harvest [45] .
Follwing their release from L cells, PYY and GLP-1 not only inhibit gastric motility and improve glucose homeostasis but also induce satiety and behavioural changes. Thus, butyrate is able to ameliorate aging-related memory decline in rats [46] but has inconsistent effects on anxiety and depression-like behaviour [47] . Propionate has been shown to evoke autism spectrum disorder-related behaviours in rodents [48, 49] .
The interaction between the gut microbiota and intestinal L cells can be modulated by the use of prebiotics (fermentable carbohydrates). Prebiotic supplementation in humans increases the plasma concentrations of GLP-1 and PYY, which is associated with satiety and a decrease of postprandial glucose levels [50] . Experiments in obese mice show that prebiotic treatment causes a change in the composition of the gut microbiota alongside with a decrease of inflammatory tone and an enforcement of mucosal barrier function [51] . The complex interactions between gut microbiota, mucosal function and metabolic homeostasis also involve the endocannabinoid system [52] and GLP-2 which improves intestinal function [51] . These interrelationships suggest that prebiotic supplementation has therapeutic potential as "pharmaco-nutritional" approach to reversing host metabolic alterations linked to intestinal dysbiosis in obesity and diabetes [53] .
Given that nutritional status, dietary factors, physical activity and age have an important influence on the composition of the gut microbial community [54, 55] it is not surprising that appetite-regulating hormones other than PYY, GLP-1 and GLP-2 will also interact with the gut microbiota in shaping appetite and metabolic status. Emerging evidence indicates that this applies to ghrelin [55, 56] , cholecystokinin [56] as well as leptin [56] . In addition, germfree mice have a smaller number of enteroendocrine cells than conventionally colonized animals [56] .
Interaction of the gut microbiota with brain function and behaviour: emerging neurochemical mediators
Accumulating evidence shows that the absence or disturbance of the gut microbiota has a significant impact on brain function and behaviour. There is also some information on the molecular factors that may play an important role in this interrelationship. In a first line of research, germ-free mice have been found to exhibit a number of neurochemical and functional alterations relative to conventionally colonized animals. For instance, the expression of the NMDA receptor subunit 2A (NR2A) in the cortex and hippocampus [57] and of the NR2B unit in the central amygdala [58] is decreased in germ-free mice, as is the expression of the 5-HT receptor 1A (5HT1A) in the dentate granule layer of the hippocampus [58] . In contrast, inconsistent changes in the levels of brain-derived neurotrophic factor (BDNF), a key neurotrophin involved in neuronal growth and survival, have been reported: two studies hold that BDNF in the hippocampus, amygdala and cortex of germ-free mice are decreased [57, 59] , while another study purports that the level of BDNF in the hippocampus of germ-free mice is increased [58] .
At the behavioural level, germ-free animals exhibit reduced anxiety in three [43, 58, 59 ] but one study [60] . This outcome is somewhat surprising, since the hypothalamic-pituitaryadrenal axis in germ-free mice appears to be hyperactive rather than hypoactive [57] . Germfree mice also show increased spontaneous motor activity, an observation that may be related to elevated dopamine, noradrenaline and 5-HT turnover in the striatum [59] . With regard to cognition, germ-free mice have deficits in simple non-spatial and working memory tasks [60] . It awaits to be examined whether the cognitive deficits are related to decreased synaptogenesis and a decrease in the expression of synaptic plasticity-related genes [59] .
The impact of the gut microbiota on brain function has been confirmed by the impact of antibiotic-induced dysbiosis on the gut-brain axis and by the effects of selective probiotics on behaviour and brain chemistry. Disturbance of the gastrointestinal microbiota with a combination of nonabsorbable antibiotics (neomycin, bacitracin, and pimaricin) increases exploratory behaviour and enhances BDNF expression in the hippocampus [61] . Similar observations have been made with another combination of nonabsorbable antibiotics (neomycin, cefoperazone and ampicillin) which has an anxiolytic-like effect and impairs learning/memory in the object recognition test [62] .
Chronic treatment of mice with the probiotic Lactobacillus rhamnosus has been found to cause region-dependent alterations of GABA Aα2 and GABA B1b receptor mRNA in the brain, which are associated with a decrease in the stress-induced corticosterone response and a reduction of anxiety-and depression-related behaviour [63] . Importantly, these neurochemical and behavioural effects of probiotic treatment are prevented by bilateral subdiaphragmatic vagotomy. This role of vagal afferent neurons in communicating between gut bacteria and brain was confirmed by another study in which vagotomy abolished the anxiolytic effect of the probiotic Bifidobacterium longum NCC3001 in mice with experimentally induced colitis [64] .
Interaction of the gut microbiota with brain function and behaviour: the direct involvement of neuropeptides awaits to be explored
Neuropeptides such as substance P, calcitonin gene-related peptide and NPY are expressed at all levels of the microbiota-gut-brain axis and are likely to play an important role in the bidirectional signalling between the gut and brain. Theoretically, neuropeptide-like molecules may also be produced by certain microbes, and the gut microbiota will respond to neuropeptides and gut hormones if they express the relevant receptors. However, direct evidence that these neuropeptides contribute to the communication between the gut microbial community and the central nervous system is sparse. It also remains to be investigated whether alterations in the microbial community within the gut impacts on neuropeptide systems in the central nervous system.
The information available is mostly restricted to peptide level changes associated with manipulation of the intestinal microbiota. For instance, the colonic content of substance P is enhanced following antibiotic-induced dysbiosis of the intestinal microbiota [65] . The expression of neuropeptides in primary afferent neurons (e.g., substance P, calcitonin generelated peptide)
has not yet been addressed in experimental studies, although such studies appear worthwhile in view of two lines of research relating the intestinal microbiota to pain. On the one hand, the establishment of inflammatory hyperalgesia is attenuated in germ-free mice [66] . On the other hand, treatment of rodents with the probiotic Lactobacillus reuteri attenuates sensory neuron excitability [67] and alleviates the pain-related response to gastric distension [68] . Lactobacillus acidophilus also reduces experimentally evoked visceral pain, an effect that is associated with enhanced expression of opioid and cannabinoid receptors in the intestinal mucosa [69] . Lactobacillus paracasei has been found to attenuate antibioticinduced visceral hypersensitivity in mice [65] , while Lactobacillus rhamnosus GG has a beneficial effect in abdominal pain-related functional gastrointestinal disorders in childhood [70] .
Neuropeptide autoantibodies under the control of the intestinal microbiota
The gut microbiota is important in educating the immune system to recognize foreign antigens and to tolerate commensal microbes [71] . In this way, the gut microbes can modulate, tune and tame the host immune response [72] . Dysbiosis of the microbial community can lead to the development of autoimmunity [72, 73] , and experimental findings indicate that both autoimmune encephalomyelitis [74] and autoimmune demyelination [75] involve the gut microbiota. There is also evidence that the formation of autoantibodies against neuropeptides is governed by intestinal microbes [76] [77] [78] .
Specifically, IgG and IgA autoantibodies against alpha-melanocyte-stimulating hormone, NPY, PYY, agouti-related protein (AgRP), ghrelin, leptin and some other neuropeptides/ peptides involved in appetite control are present in the human blood [76] [77] [78] . Numerous intestinal microbes including Lactobacillus, Bacteroides, Helicobacter pylori, Escherichia coli and Candida species contain proteins that have amino acid sequences identical to these appetite-regulating peptides [78] . The circulating levels of autoantibodies against alphamelanocyte-stimulating hormone, which are increased in anorexia nervosa and bulimia nervosa, correlate with the psychobehavioural abnormalities of these eating disorders [76] . Vice versa, germ-free rats have decreased levels of circulating IgA autoantibodies against several appetite-regulating peptides, while the levels of antighrelin IgG are increased [78] . A mechanistic analysis in rats has shown that alpha-melanocyte-stimulating hormone autoantibodies are involved in the regulation of feeding and anxiety [78] . It thus appears conceivable that the gut microbiota control appetite and emotional behaviour indirectly by inciting the formation of autoantibodies against neuropeptides/peptides involved in these processes.
Interaction of gut microbiota with brain function and behaviour: a potential role for NPY
NPY is a neurotransmitter that in view of its multiple implications in brain function may play a particular role in the microbiota-gut-brain axis. This contention is based on this neuropeptide's involvement in controlling inflammatory processes, pain, emotion, mood, cognition, stress resilience, ingestion and energy homeostasis [6] . Consisting of 36 amino acids, NPY exerts its biological actions via 5 NPY receptor types, termed Y1, Y2, Y4, Y5 and y6 (a human pseudogene), which are coupled to pertussis toxin-sensitive G i/o protein transduction mechanisms [79] . Y receptors occur at all levels of the gut-brain and brain-gut axis [6, [80] [81] [82] [83] [84] , the major systems expressing this peptide being enteric neurons, primary afferent neurons, several neuronal pathways throughout the brain and sympathetic neurons ( Figure 2 ).
Within the brain, NPY is one of the most abundant neuropeptides. In the context of the gutbrain axis it is particularly worth noting that NPY occurs in the nucleus of the solitary tract and ventrolateral medulla, periaqueductal grey and locus coeruleus, paraventricular nucleus of the thalamus, hypothalamus (arcuate nucleus, paraventricular nucleus and other regions), septum, hippocampus, amygdala, basal ganglia, nucleus accumbens and cerebral cortex [6, [80] [81] [82] [83] [84] . Several important pathways utilizing NPY as a neurotransmitter have been identified. These include noradrenergic neurons originating in the locus coeruleus of the brainstem and issuing both ascending and descending projections in the central nervous system, neurons expressing both NPY and AgRP originating in the arcuate nucleus of the hypothalamus, and distinct pathways operating in the limbic system [80] [81] [82] [83] [84] . The major receptor subtypes which NPY acts on are the Y1 and Y2 receptors, which are widely distributed in the central nervous system, while the localization of Y4 and Y5 receptors is restricted to particular regions of the brain [82] [83] [84] [85] .
The NPY system may impact on the microbiota-gut-brain axis at distinct levels [6, [81] [82] [83] [84] [86] [87] [88] [89] [90] [91] . It may
• influence the vitality of certain gut bacteria,
• modify gut functions such as motility, secretion and blood flow,
• regulate the activity of the immune system,
• protect against behavioural disturbances caused by peripheral immune challenge,
• inhibit nociceptive transmission in the spinal cord and brainstem,
• protect from the impact of stress on the brain-gut axis,
• regulate food intake and energy homeostasis, and
• play a role in the interoceptive regulation of anxiety and mood.
Effect of NPY on gut bacteria
There is some evidence that the NPY system has an impact on the composition and function of the gut microbiota and its relevance to the gut-brain axis. Similarly to substance P, calcitonin gene-related peptide and vasoactive intestinal polypeptide, NPY has been found to exhibit a direct antimicrobial effect against various gut bacteria including Escherichia coli, Enterococcus faecalis, and Lactobacillus acidophilus [86] .
Effects of NPY on the immune system
In the context of the microbiota-gut-brain axis it is important to mention that NPY has a distinct impact on immune function, within and outside the gastrointestinal tract [6, [87] [88] [89] . NPY released from the sympathetic nerve fibres acts on Y receptors (notably of the Y1, Y2, Y4 and Y5 subtype) expressed by distinct classes of immune cells (e.g., dendritic cells, mononuclear cells, macrophages, granulocytes, T and B lymphocytes) to modify their activity [6, [89] [90] [91] . In addition, NPY acts as a paracrine or autocrine immune mediator, because immune cells (e.g., B and T lymphocytes, macrophages) themselves can produce and release NPY [6, 88, 91] . The effects of NPY include modulation of immune cell trafficking, activation of antigen-presenting cell function, T helper cell differentiation, negative regulation of T cell function, cytokine secretion, phagocytosis and production of reactive oxygen species [6, [87] [88] [89] [90] [91] .
With this immunological activity profile, NPY regulates inflammatory processes in the gut, given that NPY-containing nerve fibres are in close contact with immune cells in the mouse ileum lamina propria [92] . Specifically, NPY is able to promote colonic inflammation, an effect that is supported by several lines of evidence: (i) NPY knockout mice are largely resistant to the induction of dextran sulfate sodium-induced colitis [93, 94] .
(ii) The result of NPY deletion is reproduced by treatment with a NPY antisense oligodeoxynucleotide [95] and by knockout or antagonism of Y1 receptors [96] . The antiinflammatory phenotype of Y1 receptor knockout mice results from a defect in antigen-presenting cell function, a reduction of TNF-alpha and IL-12 production by macrophages, and a decrease in the number of effector T cells [90] . Furthermore, experimentally induced colitis is associated with an increase in the colonic synthesis of NPY [93, 95, 97] , a reduction of colonic Y1 receptor expression and a loss of the antisecretory action of NPY in the colon [98] . In contrast, the colonic levels of the related gut hormone PYY are decreased in rats with DSSinduced colitis [99] . These experimental data are in line with a decrease of colonic PYY levels in patients with inflammatory bowel disease [100] [101] [102] , while circulating levels of PYY and NPY are enhanced [103, 104] . The proinflammatory effect of NPY could in part be counterregulated by the vasoconstrictor effect of the peptide [105] .
Effect of NPY to protect from immune challenge-evoked behavioural disturbances
Infection and inflammation are increasingly recognized to have an impact on the pathogenesis of mood disorders [18, 19, 106, 107] , and clinical evidence suggests that activation of the intestinal immune system by constituents of the intestinal microbiota can give rise to depression [34] and chronic fatigue syndrome [35] . Experimentally, the impact of peripheral immune challenge on brain function and behaviour can be modelled by systemic administration of LPS or Bacille Calmette-Guérin [18, 19, 106, 108] . The signalling pathways whereby peripheral immune challenge alters brain mechanisms involve proinflammatory cytokines such as interleukin-6, tumour necrosis factor-alpha and interferon-gamma, which reach the brain via the circulation but also excite vagal afferent neurons and lead to the expression of cytokines by cerebral microglial cells and astrocytes [18, 19, [106] [107] [108] .
The effect of peripheral immune challenge on brain function involves several brain areas that express NPY and various Y receptors [6, [81] [82] [83] [84] . NPY is involved in the regulation of emotional-affective behaviour [6, [81] [82] [83] [84] , and there is indirect evidence that NPY-expressing neurons in the arcuate and paraventricular nuclei of the hypothalamus counteract the behavioural responses to immune stress and infection [109] [110] [111] . This implication has been confirmed by knockout experiments in which the NPY/Y receptor system has been found to protect against distinct functional disturbances in response to immune challenge. For instance, deletion of NPY as well as NPY plus PYY aggravates the Bacille CalmetteGuérin-induced loss of body weight and markedly delays recovery from this weight loss [112] . This finding attests to an important role of NPY and PYY in maintaining energy homeostasis in the face of immune stimulation [112] .
Analogous observations have been made when the behavioural responses to LPS are analysed in Y2 and Y4 knockout mice [6] . Y2 receptor knockout mice are particularly susceptible to the acute action of LPS to attenuate locomotion and suppress social interaction [20] . In contrast, the LPS-induced rise of temperature and circulating corticosterone is suppressed by Y2 receptor knockout [20] . The short-term effect of LPS to enhance anxiety is enhanced in Y2 and Y4 receptor knockout mice [20, 21] . In Y4 receptor knockout mice, the anxiogenic response to LPS persists at least for 4 weeks post-treatment by which time it has waned in WT mice [21] . Depression-related behaviour is enhanced 1 day post-LPS in control and Y2 receptor knockout mice, but not in Y4 receptor knockout mice. Four weeks post-treatment the depressogenic effect of LPS has waned in wildtype mice, but is maintained in Y2 receptor knockout mice and first observed in Y4 receptor knockout mice [21] . Thus, knockout of Y2 and/or Y4 receptors unmasks the ability of immune challenge with LPS to cause a delayed and prolonged increase in anxiety-and/or depression-like behaviour [6] . These findings suggest that NPY acting via Y2 and Y4 receptors prevents the development of long-term anxiety-and depression-like behaviour caused by immune challenge [6, 21] . It awaits to be examined whether the behavioural disturbances associated with dysbiosis of the gut microbiota are likewise under the control of the NPY/Y receptor system.
Effect of NPY to inhibit nociceptive transmission
Spinal afferent neurons, which contain low amounts of NPY, terminate in the spinal cord where interneurons and descending noradrenergic neurons express appreciable amounts of NPY [6, 113, 114] . An abundant occurrence of Y1 and Y2 receptors in the spinal cord enables NPY to play an important role in the processing of incoming nociceptive information. Germ-line knockout of Y1 receptors or conditional knockdown of NPY is associated with thermal, chemical and mechanical hyperalgesia [6, [113] [114] [115] [116] . Peripheral inflammation leads to an upregulation of Y1 receptors in spinal afferent neurons and in the dorsal horn of the spinal cord [117] . While these studies have primarily focused on somatic pain, it remains to be investigated whether the NPY/Y receptor system also plays a role in the impact of the gut microbiota on visceral pain sensitivity [66] [67] [68] [69] [70] . Two major mechanisms whereby NPY controls pain transmission in the spinal cord have been envisaged: inhibition of transmitter release from the terminals of primary afferent neurons, mediated primarily by Y2 receptors, and inhibition of postsynaptic neurons in the dorsal horn, mediated primarily by Y1 receptors [113, 114] .
Apart from spinal sensory neurons, vagal afferent neurons terminating in the nucleus tractus solitarii (NTS) have also been established to play a role in visceral nociception, particularly in visceral chemonociception [118] . Y2 and Y4 receptors are the Y receptor subtypes prevailing in the NTS [6, 119] , and gene deletion experiments have revealed that endogenous NPY acting via Y2 and Y4 receptors attenuates the chemonociceptive input from the stomach to the brainstem [119] .
Effect of NPY to protect from the impact of stress on the gut-brain axis
Inflammation and psychosocial stress have a marked impact on the bidirectional communication between the gut and brain [5] . Since NPY plays a role in stress coping [84] , it may also be relevant to the impact of stress on the gut-brain axis. NPY as well as Y1, Y2 and Y5 receptors are widely expressed in cerebral areas critical to the regulation of stress resilience [81] [82] [83] [84] . The expression of NPY in the human brain is related to polymorphisms in the NPY gene, and a low NPY expression genotype is associated with negative emotional processing, diminished stress resilience, a risk for major depression, and a reduced antidepressant treatment response [120] [121] [122] . If individuals with a low NPY expression genotype are exposed to negative stimuli, there is an exaggerated activation of the amygdala, medial prefrontal cortex and anterior cingulate cortex [120] [121] [122] . The concentration of NPY in the cerebrospinal fluid and plasma is reduced in patients with post-traumatic stress disorder, while trauma-exposed individuals who do not develop or have recovered from post-traumatic stress disorder have enhanced plasma levels of NPY [123] [124] [125] . It would appear, therefore, that the cerebrospinal and plasma concentration of NPY is a biological correlate of resilience to or recovery from the adverse effects of stress [124] . Animal experiments have confirmed that NPY is involved in the emotional processing of stress [6] , and the question arises whether this role also relates to the impact of stress on the microbiota-gut-brain axis.
Since stress can alter the permeability of the gastrointestinal mucosa [126, 127] , it is very likely that stress will also alter the interaction between the gut microbiota and the mucosal immune system. CRF is a neuropeptide and gut hormone that is intimately related to stress, and there is considerable evidence that activation of peripheral CRF receptors contributes to stress-related alterations of gut physiology [126] . NPY may likewise be involved because it appears to mediate the effects of stress on many physiological systems including the gastrointestinal and immune systems [128, 129] . For instance, deletion of NPY alters gastrointestinal, feeding and corticosterone responses to restraint stress, exaggerates stressinduced defaecation and reduces food intake [128] . Trinitrobenzene sulfonic acid-induced colitis increases the NPY concentration in brain and plasma [97] , and gastrointestinal inflammation enhances anxiety-and depression-related behaviour, this effect being modified by deletion of NPY and/or PYY [94, 130] . It follows that NPY and PYY participate in the effect of intestinal inflammation on the gut-brain axis. In addition, the depression-like phenotype of PYY knockout animals [94] suggests that alterations in the expression of this gut hormone modify mood and stress coping. This contention is in line with the finding that water avoidance stress lowers the plasma level of PYY, a change that is associated with an increase in gastrointestinal motility [131] .
Effects of NPY and PYY to regulate food intake and energy homeostasis
The implications of NPY and PYY in gut-brain signalling are particularly well exemplified by their effects on hunger, food intake, satiety and energy balance. These roles have been extensively reviewed elsewhere [132] [133] [134] and may be of particular relevance to the impact of the gut microbiota on metabolic regulation, energy homeostasis and metabolic disorders. PYY is released postprandially from intestinal L cells and acts as a satiety factor, slowing gastrointestinal transit, inhibiting further intake of food and modifying the metabolic status of the organism [132] . In the circulation, PYY is truncated to PYY which is a relatively selective Y2 receptor agonist. Food intake is inhibited by PYY 3-36 both via stimulation of Y2 receptors on vagal afferent neurons and an interaction with Y2 receptors in the hypothalamus [6, 132, 135, 136] . Within the brain, PYY 3-36 reduces food intake primarily via activation of Y2 receptors in the arcuate nucleus which is an important centre for integrating peripheral and central signals in the control of appetite and energy homeostasis [137] . NPY, on the other hand, is one of the most potent orexigenic peptides found in the brain [134, 137] . Specifically, it occurs in neurons projecting from the arcuate nucleus to various areas of the hypothalamus in which the orexigenic effect of NPY is primarily mediated by Y1 receptors, although Y5 receptors also contribute [134, 137] . Pathologies associated with a decrease in food intake such as experimental colitis lead to increased release of NPY from the paraventricular nucleus of the hypothalamus [138] , again attesting to a role of NPY in gutbrain signalling.
NPY, PYY and other gut peptides in the interoceptive regulation of emotion and mood
Apart from regulating ingestion and energy homeostasis, gut hormones such as ghrelin, PYY, GLP-1 and GLP-2 have an impact on emotional-affective behaviour. In an evolutionary point of view, co-regulation of appetite and emotional state is an important strategy for survival, given that anxiety would be an adverse condition when there is a need to seek food [6] . Indeed, ghrelin which is released from the upper gastrointestinal tract under conditions of hunger reduces both anxiety-like and depression-related behaviour [139] . Under fed conditions, behaviour is changed to a hedonic state as observed when PYY 3-36 is administered to reach postprandial plasma concentrations of the peptide [140] . The ability of PYY to promote hedonic behaviour is supported by the finding that knockout of PYY increases depression-like behaviour but does not alter anxiety [94] . Physiologically, however, emotion and mood under fed conditions will be determined by the presence of a variety of gut hormones such as PYY, GLP-1 and GLP-2 that are released postprandially. Thus, GLP-1 has been found to enhance anxiety-related behaviour [141] [142] [143] , while GLP-2 attenuates depression-like behaviour [144] . Gut hormones whose release from the enteroendocrine cells is likely to be regulated by the gut microbiota thus provide a constant stream of interoceptive input from the gut to the brain.
Conclusion: the gut microbiota meets neuropeptides
The gut microbiota has proved as a novel factor relevant to health and disease. How the gut microbiota communicates with distant organs such as the brain is only beginning to emerge. It is very probable that the microbiota will take use of several information carriers from the gut to the brain including microbiota-derived signalling molecules, immune mediators, gut hormones as well as vagal and spinal afferent neurons. Biologically active gut peptides and neuropeptides play a role in several of these communication pathways. This is true for peptides produced by enteroendocrine cells which respond to metabolites generated with the help of the microbiota. PYY, which is one of these peptides, acts via Y receptor types that are also stimulated by the neuropeptide NPY. Neuropeptides are important transmitters in afferent, central and efferent pathways of the bidirectional gut-brain communication network. It remains to be shown whether the gut microbiota itself expresses neuropeptide receptors or releases metabolites that are ligands at neuropeptide receptors. Although a direct link between the gut microbiota and distinct neuropeptide systems has not yet been revealed, NPY, CRF and tachykinins are very likely to emerge as messengers in the microbiota-gut-brain axis. The NPY/Y receptor sytem in the microbiota-gut-brain axis. The graph shows the major sources of NPY and PYY along the gut-brain axis and the Y receptor subtypes which mediate the effects of these peptides at the different levels of the gut-brain axis. The symbol denotes inhibition.
